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LUBRICATION OF SLIDING AND ROLLING ELEMENT 
ELECTRICAL CONTACTS I N  VACUUM 
by John Przybys zewski 
L e w i s  Research Center 
National Aeronautics and Space Administration 
Cleveland, Ohio 
ABSTRACT 
Sl id ing  e l e c t r i c a l  contact problems i n  vacuum, and recent experi- 
ments i n  t h i s  f i e l d  a r e  reviewed i n  regard t o  t h e  lubr icants  used. A t -  
t e n t i o n  i s  given t o  t h e  re la t ionship  between surface contamination and 
t h e  wear of graphi te .  Organic lubr ica t ion  i s  reviewed and it i s  seen 
as an undesirable method of lubr ica t ing  e l e c t r i c a l  contacts on the  
bas i s  of t h e  f r i c t i o n  polymer data  examined. Brief conclusions are 
drawn regarding t h e  performance of the various lubr icants  on t he  basis 
of t h e  experimental evidence. Thin, meta l l ic  f i lms a re  seen as a 
promising method of contact lubr ica t ion ,  and severa l  excel lent  methods 




Some of t h e  major problem areas f o r  advanced spacecraf t  mecha- 
nisms a re  those of f r i c t i o n ,  wear, and e l e c t r i c a l  noise  which a re  
encountered i n  t h e  operation of s l i d ing  e l e c t r i c a l  contacts  t h a t  must 
be exposed t o  t h e  high vacuum, rad ia t ion ,  and temperature extremes of 
space. The s l i d i n g  e l e c t r i c a l  contacts associated with spacecraf t  
mechanisms, are required t o  operate r e l i a b l y ,  with low noise  and low 
contact r e s i s t ance ,  f o r  extended periods of t i m e  i n  a space environ- 
ment. 
operation i s  generally based on those mater ia ls  which are known t o  
work we l l  i n  t h e  e a r t h ' s  atmosphere. Under t h i s  condition, t h e  sur- 
faces  of contact mater ia ls  a r e  covered by films of adsorbed o r  
chemisorbed gases , water, sulphates , carbonates, and o ther  contam- 
inan t s .  Experiments i n  t h e  f r i c t i o n  and w e a r  f i e l d  have es tab l i shed  
t h a t  these  surface fi lms, normally present on t h e  surfaces  of materi- 
als, play an important r o l e  i n  t h e  behavior of mater ia ls  during t h e  
process of s l i d i n g  (I). 
environment, these bene f i c i a l  f i lms rnw be l o s t  by w e a r ,  desorption, or 
evaporation. 
t h e i r  reformation i s  absent i n  a vacuum. The absence of surface films 
w i l l  markedly change the  behavior of materials employed i n  s l i d i n g  
e l e c t r i c a l  contacts (e .g . ,  vacuum cold welding may occur) .  
conditions,  t h e  contact surface de te r iora tes  rapidly.  This r e s u l t s  i n  
excessive wear r a t e s ,  a r i s e  i n  t h e  coef f ic ien t  of f r i c t i o n ,  l a rge  
contact res i s tance  f luc tua t ions ,  a n d  i n to l e rab le  e l e c t r i c a l  noise  l eve l s  
The se l ec t ion  of mater ia ls  f o r  t h i s  type of e l e c t r i c a l  contact 
When materials a re  operated i n  a v a c u u  
They cannot reform because t h e  substance necessary f o r  
Under these  
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For operation outs ide of t h e  ea r th ' s  atmosphere, some form of 
e x t r i n s i c  l ub r i ca t ion  i s  needed t o  reduce f r i c t i o n ,  wear, and elec-  
t r i c a l  noise  t o  reasonable values.  
without g rea t ly  dis turbing t h e  basic  function of t h e  s l i d i n g  e l e c t r i -  
c a l  contact.  
i s  fu r the r  complicated by environmental f ac to r s  such as  u l t r a  high vac- 
uum, r ad ia t ion ,  and temperature extremes. Each of t hese  f ac to r s  has 
i t s  own pecul ia r  e f f ec t  on each type of lubr icant .  Under a l l  condi- 
t i o n s  of operation, t he  e l e c t r i c a l  contact lubr icant  must not i n t e r f e r e  
with t h e  e l e c t r i c a l  conduction across t h e  contact i n t e r f ace .  This re- 
quires  that  t h e  lubr icant  be a fair e l e c t r i c a l  conductor and remain 
s t a b l e  regardless  of t h e  type,  magnitude, o r  durat ion of any environ- 
mental f ac to r s  which may be encountered. 
All of t h i s  must be accomplished 
I n  ac tua l  space applications , t h e  problem of lub r i ca t ion  
The s l i d i n g  e l e c t r i c a l  contacts present ly  used i n  vacuum environ- 
ments a re  generally adaptations of un i t s  used f o r  a i r c r a f t  applica- 
t i o n s .  
a l loys  and are e l e c t r i c a l l y  insulated by organic d i e l e c t r i c s .  
operated under conditions of high vacuum, these u n i t s  have a shbr t  
usefu l  l i f e  because of t h e  absence of surface films. Additional 
problems occur because of d i e l ec t r i c  outgassing and generation of 
f r i c t i o n  polymers which occur because of t h e  c a t a l y t i c  ac t ion  of t h e  
noble metal surfaces .  These polymers would be bene f i c i a l  as lubr i -  
can ts ,  except f o r  t h e  f a c t  t ha t  they a re  e l e c t r i c a l l y  in su la t ing  and 
therefore  have an adverse e f f e c t  on t h e  e l e c t r i c a l  operation of the 
s l i d i n g  contact .  
They are usual ly  fabr icated from the  noble metals or  t h e i r  
h e n  
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The s e l e c t i o n  of lubricants  for  vacuum s l i d i n g  e l e c t r i c a l  con- 
t a c t s  has followed much the  same pat tern as t h e  s e l e c t i o n  of the  con- 
t a c t  materials, t h a t  i s ,  t o  employ lubricants  which work wel l  i n  t h e  
e a r t h ' s  atmosphere o r  the  few lubricants which a r e  known t o  work wel l  
i n  a vacuum environment. 
use of graphi te ,  molybdenum disulf ide (MOS~),  high a l t i t u d e  brush mate- 
r ials,  and c e r t a i n  organic lubricants .  
notable exception of MoS2 f a i l  t o  provide adequate lubr ica t ion  unless 
elaborate  precautions are taken t o  maintain an a r t i f i c i a l  atmosphere 
around the  s l i d i n g  e l e c t r i c a l  contact. 
lubr icant  i n  vacuum, possesses a ra ther  high bulk r e s i s t i v i t y  which can 
cause excessive losses  across a s l id ing  contact lubr ica ted  with t h i s  
mater ia l  
Notable examples of t h i s  approach are the  
A l l  of these  materials, with the  
MoS2, although an excel lent  
One group of mater ia ls ,  the  "Heavy Metal Derivatives" as they are 
generally known, have recent ly  received some a t ten t ion  as posszble 
lubr icants  for vacuum s l i d i n g  e l e c t r i c a l  contacts because they possess 
a des i rab le  combination of properties i n  ( 2 ) .  These propert ies  
are: 
Certain compounds i n  t h i s  group, notably niobium diselenide (NbSe2), 
have been shown t o  be good lubricants for s l i d i n g  e l e c t r i c a l  contact 
operation i n  a vacuum ( 3 ) .  
(1) a laminar c r y s t a l  s t ruc ture  and ( 2 )  a low bulk r e s i s t i v i t y .  
Other materials, such as te f lon  and polyimide (4, 5)  a l s o  are 
good vacuum lubricants  These materials are  e l e c t r i c a l  insu la tors ,  but 
they can be made e l e c t r i c a l l y  conductive by adding a meta l l ic  component. 
Nevertheless, t h e  use of these materials i n  a s l i d i n g  e l e c t r i c a l  contact 
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system can r e s u l t  i n  the  buildup of an insu la t ing  f i lm on the  surface 
of t h e  contact.  I f  t h e  voltage across the  f i lm is i n s u f f i c i e n t  t o  
puncture t h e  f i l m  and es tab l i sh  metal l ic  contact,  the s l i d i n g  contact,  
although showing low wear and low f r i c t i o n ,  would be useless because of 
excessive contact res is tance.  
The f r i c t i o n  and wear problems encountered i n  t h e  operation of 
s l i d i n g  e l e c t r i c a l  contacts i n  a vacuum a r e  not unlike those which 
occur i n  t h e  operation of any other s l i d i n g  system under t h e  same 
conditions. The same materials concepts developed by f r i c t i o n  and 
wear experiments apply equally t o  s l id ing  e l e c t r i c a l  contacts.  How- 
ever,  these concepts must be modified t o  account f o r  the  e l e c t r i c a l  
propert ies .  
Additional problems a r e  created by e l e c t r i c a l  s l id ing  systems 
because of t h e  flow of e l e c t r i c a l  energy across t h e  in te r face .  
I d e a l l y ,  the  s l i d i n g  e l e c t r i c a l  contact should behave as i f  it were not  
i n  t h e  c i r c u i t .  I n  the  p r a c t i c a l  case, t h e  s l i d i n g  e l e c t r i c a l  contact 
does influence the operation of a c i r c u i t  and t h i s  influence creates  
another c r i t e r i o n ,  e l e c t r i c a l  noise,  which must be evaluated together  
with t h e  f r i c t i o n  and wear properties of t h e  s l i d i n g  e l e c t r i c a l  contact.  
These three  f a c t o r s ,  f r i c t i o n ,  wear, and electr ical .  noise w i l l  govern 
t h e  usefu l  l i f e  of a contact system. Any one of these  may take preced- 
ence over t h e  others ,  depending upon t h e  p a r t i c u l a r  appl icat ion of the  
contact system. 
Rolling element bearings have a l so  been used as e l e c t r i c a l  s l i p  
r ings p a r t i c u l a r l y  i n  r o t a t i n g  anode X-ray tubes,  ( 6 ,  7 ) .  
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However , t h e  lub r i ca t ion  requirements a re  somewhat more severe 
because the  bearings are  usual ly  required t o  support a load. 
t h e l e s s ,  they have t h e  advantage of mult iple  contact areas  between the  
balls and races .  This fea ture  could possibly reduce e l e c t r i c a l  noise  
b4cause of t h e  grea te r  probabl i ty  of maintaining continuous e l e c t r i c a l  
conduction across t h e  bearing. 
Never- 
A disadvantage of using r o l l i n g  element s l i p  r ings i s  t h e  addi- 
t i o n a l  wear (corrosive wear and p i t t i n g )  of t he  bearing elements caused 
by an e l e c t r i c a l  current flowing through the  bearing (‘8). 
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EXPERIMENTAL RESULTS - A SURVEY OF THE FIELD 
Some experimental work has been done i n  t h e  f i e l d  of s l i d i n g  
e l e c t r i c a l  contact l ub r i ca t ion  i n  a vacuum. A comparison of the r e s u l t s  
from the  various experiments i s  d i f f i c u l t  because the  experimental para- 
meters and measurement equipment vary widely. 
perimental r e s u l t s  could have been influenced by such fac tors  as (1) 
t h e  type of pumping system used, ( 2 )  cross contamination among t h e  
various experiments being conducted simultaneously, and ( 3 )  t h e  out- 
gassing of t h e  d i e l e c t r i c  materials used f o r  e l e c t r i c a l  insu la t ion .  
Each of these  fac tors  can have an adverse e f f e c t  on t h e  r e s u l t s  of t h e  
experiments. The various types of contamination generally upgrade the  
f r i c t i o n  and wear performance of materials combinations s l i d i n g  i n  
vacuum, making them appear b e t t e r  than they would be i n  ac tua l  space 
appl icat ions.  It i s  a l so  possible  t h a t  inadvertant contamination would 
degrade the  e l e c t r i c a l  performance. 
a r e  usefu l  because ce r t a in  f a c t s  are apparent regardless  of t h e  ex- 
perimental  setup used. 
I n  many cases,  t h e  ex- 
Nevertheless, these  experiments 
Most of t h e  experiments i n  vacuum were concerned only with t h e  
behavior of graphi te  or  MoS2 compacts s l i d ing  against  a f e w  bas ic  con- 
t a c t  mater ia ls .  Recent experiments have included NbSe2. The remaining 
experiments u t i l i z e  low vapor pressure organic f l u i d s  f o r  vapor lub r i -  
ca t ion  of precious metal a l loy  s l id ing  e l e c t r i c a l  contacts i n  vacuum. 
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Graphite - High Alti tude Brush Wear 
Problems i n  t h e  operation of s l i d ing  e l e c t r i c a l  c m t a c t s  a t  reduced 
environmental pressures probably began with t h e  phenomena of high a l t i t u d e  
brush wear on e l e c t r i c a l  machines aboard a i r c r a f t  which flew above 20 000 f t  
during World War 11. 
w a s  thought t o  be inherent i n  i t s  c r y s t a l  s t ruc ture .  
i n t o  t h e  high a l t i t u d e  brush problem revealed t h a t  a small amount of water 
vapor must be present i n  t h e  surrounding atmosphere t o  promote t h e  lub r i -  
ca t ing  a b i l i t y  of graphite. 
Unt i l  t h i s  time, t h e  lub r i ca t ing  a b i l i t y  of graphi te  
Invest igat ions ( 9 )  
The first p r a c t i c a l  so lu t ion  t o  the high a l t i t u d e  brush problem was 
the  addi t ion of meta l l ic  hal ides  (notably barium f luor ide ,  BaF2) t o  the  
brush mater ia l  (10). 
depended on a time-consuming pre-filming procedure. 
d i f f i c u l t y ,  d i l u t e  and concentrated molybdenum d i su l f ide  (MoS ) and li thium 
carbonate impregnated brush materials have been developed which provide i m -  
mediate high a l t i t u d e  protect ion (11). 
have a l s o  been t r i e d  ( 1 2 ) .  
are shown i n  Tables 1 and 2. Recently, a l t i t u d e  protect ion has been 
s l i g h t l y  increased and the  contact voltage drop reduced by p la t ing  s l i p  
r ings  with rhodium (11). Certain organic vapors have a l s o  been found t o  
decrease t h e  wear r a t e  of graphite i n  a reduced pressure environment t o  i t s  
normal atmospheric values (13,14). 
I n  t h e  high vacuum range 
However, the successful use of BaFZ t r ea t ed  brushes 
To surmount t h i s  
2 
Other adjuvants and r ing  mater ia ls  
Some of  these mater ia ls  and t h e i r  performance 
t o r r ) ,  BaF2 w a s  not e f f ec t ive  i n  
preventing excessive wear of a 20$ graphite-carbon specimen s l i d i n g  
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agains t  e l e c t r o l y t i c  s i l v e r  (15). 
10-2 t o  10-3 t o r r  range. 
BaFZ w a s ,  however, e f f e c t i v e  i n  t h e  
The b e s t  wear results i n  high vacuum, using a loo$ e lec t rographi t ized  
carbon s l i d i n g  aga ins t  various materials, were obtained when a t r a n s f e r  
f i l m  of carbon w a s  present on t h e  mating surface (15). However, t r a n s f e r  
f i l m s  were absent on r e l a t i v e l y  oxide free materials (e .g . ,  s i l v e r  and 
gold).  
achieved by chemisorption of t h e  carbon t o  t h e  oxygen of t h e  meta l l ic  
oxide. 
adjuvant was a l s o  a t t r i b u t e d  t o  t h e  absence of surface oxides (15). 
From these  r e su l t s ,  it was theorized that t h e  t r a n s f e r  f i l m  w a s  
These r e s u l t s  a r e  presented i n  Fig. 1. The f a i l u r e  of t h e  BaFZ 
The f a i l u r e  of graphi te  t o  lubricate  has a l s o  been a t t r i b u t e d  t o  
- 
i ts  poor adherance (16), and it was believed here a l s o  t h a t  t he  presence 
of surface oxides improved t h e  adherance. 
Some support f o r  t he  surface oxide hypothesis has been offered by 
t h e  ana lys i s  of normal commutator films generated by a graphi te  brush 
running against  a copper commutator (17,18). 
Other experimental r e s u l t s  (19)  indicated a r e l a t ionsh ip  between 
t h e  wear r a t e  of graphite and the  formation and destruct ion of surface 
oxides. It w a s  subsequently found t h a t  any var iab le  which a f fec ted  
t h e  thickness  of t he  oxide f i l m ,  a f fected t h e  rate of wear of t h e  
graphi te  brush. 
is achieved when a balance i s  obtained between surface oxide f i l m  
formation and destruct ion.  
t h i s  balance are presented i n  Fig. 2. 
The optimum operation of a copper-graphite contact 
Some of the important var iab les  which o f f s e t  
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Severe graphi te  brush wear has a l so  occurred i n  t o t a l l y  enclosed 
machines where s i l i cone  insu la t ion  was employed. 
s a t i s f a c t o r y  low humidity operation, a l s o  displayed excessive wear i n  
atmospheres containing s i l icones .  One explanation suggested t h a t  t he  
hydrophobic s i l i c o n e  vapor was adsorbed on t h e  surface of t h e  graphi te  
and prevented the  normal ac t ion  o f  water vapor. Others (20)  a t t r i b u t e d  
t h e  excessive brush wear t o  t h e  formation of abrasive oxides of s i l i c o n e  
by oxidation of s i l i cone  vapor i n  the contact areas .  
Brushes, t r e a t e d  f o r  
Compacts 
It is  general ly  f e l t  t h a t  a continuous supply of lubr icant  is neces- 
sa ry  t o  obtain a long useful l i f e  for  s l i d i n g  e l e c t r i c a l  contacts  which 
must operate i n  a clean high vacuum environment. 
manifested i t s e l f  i n  t h e  form of compacts which contain two components: 
(1) a lub r i ca t ing  component and ( 2 )  a component which has a high e lec-  
t r i c a l  conductivity.  
This approach has 
Three compacts of t h i s  type w i l l  be discussed. 
Graphite compacts. - At tempts  t o  improve t h e  e l e c t r i c a l  conductivity 
and hea t  conduction cha rac t e r i s t i c s  of graphi te  and ye t  re ta in  i ts  
lub r i ca t ing  cha rac t e r i s t i c s  i n  air ,  have resu l ted  i n  a number of usefu l  
metal impregnated graphi te  mater ia ls .  Among these mater ia ls  is  t h e  
familiar s i l v e r  impregnated graphi te  brush cons is t ing  of about 80% s i l v e r  
and 20% carbon. 
Experiments using s i lver-graphi te  brushes running aga ins t  r i n g  
materials of pure s i l v e r ,  pure copper, e lec t ropla ted  s i l v e r ,  e l ec t ro -  
plated gold, and rhodium plated gold i n  clean high vacuum environments, 
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. 
have led t o  very disappointing results (21-23).  
wear r a t e s  were extremely high and contact r e s i s t ance  f lpc tua t ions  
reached in to l e rab le  l eve l s  i n  very shor t  periods of time. This be- 
havior seems t o  be independent of the r i n g  material used. 
I n  a l l  cases, brush 
Molybdenum d i su l f ide  compacts. - Unlike graphite,  MoSZ is an 
e f f e c t i v e  lubr icant  i n  vacuum and it was n a t u r a l  t o  consider i t s  
p o s s i b i l i t i e s  as a lubr icant  f o r  vacuum s l i d i n g  e l e c t r i c a l  contact 
appl icat ions.  
compacts which are fabricated i n t o  e l e c t r i c a l  brushes. 
(21,24) have shown t h a t  MoS2 contents of not  less than 10% were 
required f o r  low brush wear. 
not t h e  coe f f i c i en t  of f r i c t i o n ,  i s  g r e a t l y  influenced by the  amount of  
MoS2 i n  these compacts. 
MoSZ general ly  appears i n  the form of silver-MoS2 
Experiments 
Fig. 3 shows tha t  the rate of wear, bu t  
The 88$ s i l v e r  - 12% M0S2 compacts have enjoyed some success i n  
Noise l eve l s  and wear r a t e s  have high vacuum experiments (3 ,21 ,22) .  
been very low when compared t o  corresponding graphi te  compacts running 
aga ins t  t he  same mater ia ls  under the same conditions.  B e s t  r e s u l t s  
were obtained using s i l v e r  or rhodium pla ted  s i l v e r  as r i n g  mater ia ls  
(22). The performance of copper as a r i n g  material was somewhat poor. 
Small percentages of copper and molybdenum have been added t o  the 
s i l v e r  - MoSZ compositions i n  attempts t o  improve t h e i r  wear charac- 
t e r i s t i c s  ( 2 1 ) .  
about 2 . 5  weight percent whereas additions of molybdenum resu l ted  
i n  very poor performance. A silver-copper-MoS brush mater ia l  has been 
Optimum values of copper content appeared t o  be 
2 
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used t o  carry high currents  (300. A/in.2)  i n  a vacuum of 10-9 t o r r  (25) .  
It has been observed t h a t  MoS2 lubr ica ted  systems were more 
e l e c t r i c a l l y  noisy i n  a i r  than i n  vacuum (22,261. 
t h i s  observation, it i s  in t e re s t ing  t o  note t h a t  t h e  lub r i ca t ing  q u a l i t i e s  
of MoS2 a re  impaired by atmospheric moisture (251, and t h a t  t h e  f r i c t i o n  
of materials lubr ica ted  with MoS2 is higher i n  a i r  than i n  vacuum. 
I n  connection with 
Objections t o  t h e  use of MoS2 as  an e l e c t r i c  contact lubr icant  
revolve around t h e  f a c t  t h a t ,  i n  bulk form, it i s  a semi-conductor of 
r a t h e r  high e l e c t r i c a l  r e s i s t i v i t y  (850 ohm-cm) which can cause s igna l  
d i s t o r t i o n  and excessive losses  across t h e  contact .  Other undesirable 
e f f e c t s  of MoS2 are summarized i n  reference 28. 
Niobium d i se l in ide  compacts. - Another hexagonal l aye r - l a t t i ce  
compound which has given good r e su l t s  as an e l e c t r i c a l  contact lubr icant  
i n  vacuum i s  niobium d i se l in ide  (NbSe2). One very des i rab le  property 
of t h i s  compound i s  i t s  low bulk e l e c t r i c a l  r e s i s t i v i t y  ( 5 x 1 0 4  ohm- 
cm) which i s  comparable t o  t h a t  of graphite.  
Inves t iga t ions  using NbSe2 as a lubr icant  f o r  s l i d i n g  e l e c t r i c a l  
contacts have been performed i n  vacuum ( 3 ) .  
compact containing 85% s i l v e r  and 15% NbSe2, which ran against  a coin 
si lver s l i p  r ing  at an extremely s l o w  speed (0.43 rev.  /h r ) .  
NbSe2 was u t i l i z e d  i n  a 
T e s t  r e s u l t s  indicated t h a t  the NbSe2 compacts operated with 
approximately half  t h e  contact voltage drop of equivalent MoS2 compacts. 
These da ta  a l so  show t h a t  t he  voltage drop was more s t ab le .  However, 
t h e  wear was somewhat grea te r  with the NbSe2 compacts when compared t o  
t h e i r  MoS2 equivalents.  A comparison of t he  performance of MoS2 and 
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NbSe run under t h e  same conditions i s  presented i n  Table 3. 2 
Rolling Element S l i p  Rings 
Lubrication by meta l l ic  films. - Rolling element bearings employed 
as s l i p  r ings,  have been used successfully,  p a r t i c u l a r l y  i n  r o t a t i n g  
anode X-ray tubes.  
power dens i t ies ,  impose severe demands on the  bear ing materials and 
lubr icant .  X-ray tube bearings must operate under conditions of high 
vacuum 
t o  10 000 rpm), and car ry  anode currents up t o  1 ampere ( 7 ) .  
Modern r o t a t i n g  anode X-ray tubes,  operating a t  high 
t o  t o r r ) ,  high temperature (600 C ) ,  high speed (3  000 
For one pa r t i cu la r  X-ray tube application, t h e  b a l l s  and races  were 
fabr ica ted  from a tungsten-chromium-cobalt t o o l  steel. These bearings 
have a f u l l  complement of b a l l s  and the  lubr icant  is  a s i l v e r  f i l m  ap- 
p l ied  t o  the  b a l l s  only ( 7 ) .  
hours. 
of 10 000 hours ( 2 9 ) .  
Useful lifetimes are from 1 0 0 0  t o  10 000 
A t  room temperature, bear ing lifetimes are sa id  t o  be i n  excess 
Barium f i l m s  have a l s o  successfully lubricated t o o l  s teel  bearings 
i n  which cobalt  or chromium was present is a quant i ty  grea te r  than a 
c e r t a i n  minimum amount ( 6 ) .  
ment, w e r e  a l s o  successful ly  lubricated with barium f i l m s  provided a 
layer  of chromiwn was first  vaporized onto t h e  b a l l s .  
of t hese  experiments, it w a s  concluded t h a t  f o r  good wear cha rac t e r i s t i c s ,  
t h e  intermediate f i l m  should a l l o y  with t h e  base material .  
Bearing materials no t  meeting t h i s  require-  
From t h e  r e s u l t s  
A mixture of 80$ barium and 20$ chromium has been used t o  lub r i ca t e  
small (3/16 in .  bore)  l i g h t l y  loaded, cobal t  t o o l  s teel  bearings operating 
i n  a vacuum (29) .  By per iodica l ly  re lubr ica t ing  t h e  bearings, extended 
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bearing lifetimes have been obtained. 
Lubrication by molybdenum disulf ide.  - Molybdenum d i s u l f i d e  has been 
used f o r  t h e  lubr ica t ion  of r o l l i n g  element bearings used as s l i p  r ings  
i n  a clean high vacuum environment (26) .  The b e s t  performance, a t  a 
test current  of 10 ma.,  w a s  obtained with bear ing b a l l s  and races  of 
440-C s t a i n l e s s  steel  and a machined r e t a i n e r  fabr ica ted  from a compact 
containing 85% gold and 15% MoS2. 
were general ly  observed when using M0S2 as a lubricant .  
showed t h a t  MoS2 f i l m s  seemed t o  be more e l e c t r i c a l l y  noisy i n  a i r  than 
i n  vacuum (26) .  
No i se  values of from 2 t o  4 milliohms 
Observation 
Lubrication by composites containing d i e l e c t r i c  materials.  - One 
experiment (26)  using 440-C stainless s teel  b a l l s  and races  ran very 
wel l  mechanically but  displayed a very high e l e c t r i c a l  noise  level. 
An i n i t i a l  contact res i s tance  of 1 ohm increased t o  an open c i r c u i t  
a f t e r  a 1-hour operation i n  a i r .  Subsequent operation i n  vacuum showed 
t h a t  t h e  contact res i s tance  dropped t o  a value of from 15 t o  25 ohms 
( q u i t e  high i n  comparison t o  any of the mater ia ls  used i n  vacuum, so  fa r ) .  
These da ta  ind ica te  t h a t  a good vacuum lubr icant  which is  a l s o  a good 
e l e c t r i c a l  insu la tor  cannot be successfully used for low noise e l e c t r i c a l  
contact  operation because of the buildup of an in su la t ing  f i l m .  
Organic Vapor Lubrication 
Organic lubr icants  a r e  extremely usefu l  materials when used within 
t h e i r  l imi ta t ions .  
ature. 
They are ef fec t ive  only i n  a narrow range of temper- 
They a r e  degraded by exposure t o  rad ia t ion ,  and they have rela- 
t i v e l y  high vapor pressures.  I n  p rac t i ca l  appl icat ions,  the  use of 
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organic lubr icants  i n  a vacuum environment would requi re  an enclosure t o  
prevent excessive evaporation and rapid l o s s  of t h e  lubr icant .  
sure  would a l s o  serve t o  maintain a lubricant  atmosphere around t h e  contact 
configuration. If t h e  e l e c t r i c a l  contact requires  ro ta t ion ,  seals would 
be needed. 
The enclo- 
This would add undesirable addi t iona l  weight t o  t h e  device. 
These high vapor pressure materials can a l s o  be a source of t rouble  
because of t he  p o s s i b i l i t y  of escaping vapors from t h e  enclosure and con- 
sequent condensation on nearby surfaces. The escape of these  vapors from 
t h e  enclosure could be pa r t i cu la r ly  troublesome if condensation occurred 
on o p t i c a l  devices (such as mir rors  o r  l enses)  which were operating i n  
t h e  v i c in i ty .  
Organic vapor lubr ica t ion  of s l i d ing  e l e c t r i c a l  contacts a l s o  seems 
undesirable from another aspect.  Experiments (30-32) involving the  s l i d i n g  
of some of t h e  noble metals (gold, platinum, and palladium) and s i l v e r  
have shown t h a t  amorphous, polymeric substances a r e  formed on t h e  surfaces  
of these  metals. Materials other than t h e  noble metals a l s o  formed s ig -  
n i f i c a n t  amounts of these  polymeric materials (30). 
The process of s l i d i n g  does not seem t o  be required, s ince  it has 
The sub- been shown t h a t  these  mater ia ls  can form spontaneously ( 3 2 ) .  
s tances  necessary f o r  t h e  i n i t i a t i o n  of these  polymeric materials under 
s t a t i c  conditions was supplied by t h e  outgassing of t h e  organic d ie lec-  
t r ics  employed f o r  e l e c t r i c a l  insulat ion i n  enclosed contact systems ( 3 2 ) .  
Recent experiments seem t o  indicate t h a t  an adsorbed surface f i l m  
is  necessary f o r  polymer formation (31). It has been thought t h a t  oxygen 
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a l s o  enters i n t o  t h e  react ions (31). 
a r e  required f o r  polymer formation, the behavior of organic lubr icants ,  
i n  vacuum, might be qu i t e  d i f f e ren t  from t h e i r  behavior i n  a i r .  
If adsorbed surface f i l m s  and oxygen 
Organic f l u i d  vapors have been used fo r  t h e  lubr ica t ion  of precious 
metal s l i p  r ings  operating under vacuum (33). 
precious metal a l l o y  wires running i n  V-grooves of hard gold p la ted  s i l v e r  
which were lubr ica ted  by low vapor pressure fluids.  
gave t h e  b e s t  performance. 
These experiments gave up t o  79 days o f  r e l a t i v e l y  noiseless  operation. 
A non-halogenated s i l i cone  o i l  has a l s o  been successful ly  used f o r  
These experiments employed 
A synthe t ic  e s t e r  
A hydrocarbon o i l  gave the  poorest performance. 
t he  lubr ica t ion  of precious metal s l i p  r ings  i n  vacuum (34) .  
A l i s t i n g  of t h e  major r e s u l t s  of t h e  vacuum s l i d i n g  e l e c t r i c a l  con- 
t a c t  experiments is  shown i n  Tables 4 and 5. 
Consideration of  Thin Films a s  Lubricants f o r  S l id ing  
E l e c t r i c a l  Contacts i n  Vacuum 
Sol id  t h i n  f i l m  lubr ica t ion  is seen as a most l i k e l y  method f o r  t h e  
lubr ica t ion  of s l i d i n g  e l e c t r i c a l  contacts i n  a space environment. Some 
a t t e n t i o n  must be given, therefore ,  t o  t h e  possible behavior of t h i n  
f i l m s  under these  conditions. 
I n  a space environment, t h i n  films may be r ap id ly  removed by evapo- 
r a t i o n  i n  addi t ion  t o  being worn away. Therefore, ser ious consideration 
must be given t o  t h e  evaporation r a t e s  of t he  f i l m  materials. 
film of a l loys  a r e  considered f o r  lubricat ion,  s e l ec t ive  evaporation 
If t h i n  
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of t h e  components of t h e  a l l o y  may take place (Raoult 's  l a w ,  35). 
f ac to r s  can s i g n i f i c a n t l y  shorten t h e  usefu l  lifetime of a t h i n  f i l m  
lubr  i cant.  
These 
Presently,  so l id ,  t h i n  f i l m  lubr ica t ion  (as deposited surface f i l m s )  
s u f f e r  one ser ious disadvantage. The lubr icant  f i l m s  general ly  have a 
f i n i t e  l i f e .  
f i l m  is  worn through i n  the  contact area, i t s  use fu l  l i f e  is ended. 
This type of lubr ica t ing  is not self-heal ing.  When t h e  
Thin Films of Soft Metals 
Sof t  metals with low shear strengths can be used as lubr icants  f o r  
s l i d i n g  e l e c t r i c a l  contacts  which must operate under conditions of ul t ra-  
high vacuum. Metal l ic  films are inherent ly  good e l e c t r i c a l  conductors. 
Many of these metals have acceptably low vapor pressures, even a t  high 
temperatures, and they  w i l l  maintain t h e i r  physical  and e l e c t r i c a l  in-  
t e g r i t y  when exposed t o  t h e  various types of r ad ia t ion  (29 ) .  
For these s o f t  meta l l ic  t h i n  films t o  funct ion e f f ec t ive ly  as 
lubr icants ,  t he  area of contact must be kept small. Experiments, in- 
volving t h i n  meta l l ic  f i l m s  a s  lubricants  on hard subs t ra tes  show, 
generally,  t h a t  t h e  coef f ic ien t  of f r i c t i o n  is  a minimum when t h e  f i l m  
thickness  is i n  t h e  order of 2500 
t e r i s t i c  of t h i n  f i l m  metal l ic  lubricants  i s  t h e  decrease i n  coef f ic ien t  
of f r i c t i o n  displayed as t h e  applied load is increased (1). 
(1). Another i n t e r e s t i n g  charac- 
One of t h e  major problems encountered i n  t h e  appl ica t ion  of t h i n  
f i l m s  as lubr icants  is t h a t  of adherance or bonding of t h e  meta l l ic  
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f i l m  t o  t h e  base material. 
f i l m  lubr icant  is  tha t  t h e  f i l m  be firmly bonded t o  t h e  base material. 
An e s sen t i a l  requirement f o r  an enduring t h i n  
Poor f i l m  adherance manifests i t s e l f  in a very shor t  usefu l  l i f e  a s  a 
lubr icant ,  I n  many cases, t h e  f i l m  i s  ruptured the i n s t a n t  s l i d i n g  begins. 
Several  methods are present ly  avai lable  f o r  deposi t ing t h i n  f i l m s  of 
various mater ia ls  on a va r i e ty  of base materials. These methods permit 
c lose cont ro l  of t he  f i l m  thickness and crea te  films which are f i rmly 
bonded t o  the base materials. 
Thin f i l m  formation by vacuum vapor deposit ion.  - The vacuum vapor 
deposi t ion experiments (36) descr ibe a process whereby gold films i n  t h e  
order of 1800 th i ck  were deposited on a nickel-lOQ chromium a l l o y  base 
mater ia l .  Pr ior  t o  t h e  deposit ion of the  f i l m ,  t h e  base mater ia l  was 
cleaned and etched i n  high vacuumby means of an e lec t ron  gun. The gold 
was then evaporated from a f i l amen t  type source and onto t h e  s t i l l  hot 
base material. 
F r i c t ion  experiments, i n  vacuum (lo-‘’ t o r r )  using t h i s  gold f i l m  as 
a lubr icant  and niobium as the  mating surface,  showed that t h e  coe f f i c i en t  
of f r i c t i o n  w a s  r e l a t i v e l y  low (0.3) and remained near t h i s  value f o r  an 
extended period of time. An explanation f o r  t h i s  r e s u l t  was based on t h e  
f a c t  t h a t  t h e  high temperature of t h e  base material and some mutual 
s o l u b i l i t y  had formed a diffused region between t h e  gold f i l m  and t h e  
base material which resu l ted  i n  an excel lent  bond. 
Thin f i l m  formation by ion plating;. - The deposit ion of a f i l m  on a 
base material may a l s o  be achieved by ion p la t ing  (37,38) .  I n  t h i s  
19 
method, t h e  metal ions,  because of t h e i r  l a rge  k i n e t i c  energy, derived 
from t h e  e l e c t r i c  f i e l d ,  a l s o  form a d i f fused  region much l i k e  t h e  
vacuum vapor deposit ion process described previously. 
tages  of t h i s  method are :  
plated without revolving t h e  base material  r e l a t i v e  t o  t h e  evaporant 
source, and ( 2 )  t h a t  t he  base material  and f i l m  material need not be 
mutually soluble t o  form the diffused region. 
Two major advan- 
(1) that curved o r  shadowed surfaces  may be 
The f i l m  deposited by t h i s  method is  somewhat superior  t o  the f i l m  
A f r i c t i o n  experiment deposited by t h e  vacuum vapor deposition method. 
i n  vacuum (lo-” t o r r )  (35) using an ion plated gold f i l m  1500 
on a nickel-lO$ chromium base material  and niobium as t h e  mating surface 
showed t h a t  t h e  coe f f i c i en t  of f r i c t i o n  w a s  about 0.2 and had a grea te r  
lifetime than the f i l m  deposited by  the previous method. 
t h i ck  
A comparison of t he  coef f ic ien t  of f r i c t i o n  and useful lifetimes 
of these  gold f i l m s  is  shown i n  Fig. 4. 
Thin Film Formation of Compounds by Ion  Sput ter ing 
The processes of vacuum vapor deposition and ion p l a t ing  s u f f e r  one 
l imi ta t ion .  
t o  t h e  point of evaporation or sublimation. 
r ia l  must r e t a i n  i ts  molecular i n t eg r i ty  throughout t h e  process if the  
f i l m  on the  base mater ia l  is  t o  have t h e  same composition as t h a t  of the  
parent material, 
perature  required f o r  evaporation or sublimation, cannot be employed i n  
these  processes. Another recent  technique, ion sput ter ing,  does not 
requi re  primary heat ing of the  f i l m  material, and hence, it i s  not  subject  
I n  both of these processes, t he  f i l m  material must be heated 
Furthermore, t h e  f i l m  mate- 
Compounds, which dissociate  before  reaching t h e  tem- 
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t o  t h e  l imi ta t ions  described above (39). 
I n  t h i s  process,  t he  films a re  produced by pos i t ive  ion  bombard- 
ment of a negatively charged quantity of f i lm material. 
results i n  a physical  knocking of f  of surface atoms (sput te r ing)  of 
t h e  f i lm  material which i s  then deposited on a base mater ia l  i n  c lose 
proximity t o  t h e  f i lm material. The p l a t ing  of curved surfaces w i l l  
r equi re  ro t a t ion  of t he  base mater ia l  r e l a t i v e  t o  t h e  f i lm mater ia l .  
This act ion 
The ion  sput te r ing  process i s  extremely v e r s a t i l e  and i s  reported 
as being capable of deposit ing "anything on anything." 
opens up a vas t  new f i e l d  of p o s s i b i l i t i e s  because it enables deposit ion 
of materials, as t h i n  films, which were impossible t o  deposit  by conven- 
t i o n a l  methods. 
semiconducting -compounds, and al loys.  Insu la t ing  mater ia ls  , however, 
requi re  the  use of a rad io  frequency power source,  but nevertheless ,  
these  materials can be successful ly  sput tered 140) ' Furthermore , 
t h e  r e f r ac to ry  metals ( tungsten,  rhenium, tantalum, and molybdenum) can 
be sput te red  with ease. However, t h e  sput te r ing  r a t e s  f o r  a l l  of these  
materials vary widely. 
This process 
Some of these  materials include g l a s s ,  ceramics , p l a s t i c s  , 
Recent experiments i n  the f r i c t i o n  and wear f i e l d  (41),demon- 
s t r a t e d  t h a t  t h e  process of ion  sput ter ing can be successful ly  employed 
f o r  t h e  deposit ion of t h i n  fi lms of MoS2. F r i c t ion  experiments i n  vacuum 
t o r r )  showed t h a t  an i on  sput tered t h i n  film of MoS2 (2000 t o  
0 
3000'A t h i ck )  deposited on a niohiumbase material and s l i d  against  a 
mating surface a l so  of nLob'ium had a coef f ic ien t  of f r i c t i o n  of about 
0.09. This value i s  generally cha rac t e r i s t i c  of bonded MoS2 films. 
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The experiment ran w i t h  low f r i c t i o n  f o r  5 hours. 
w a s  terminated a t  t h e  end of 5 hours, t h e  MoSZ f i l m  s t i l l  had not f a i l e d .  
This remarkable endurance l i f e  is again c h a r a c t e r i s t i c  of the  exce l len t  
adhesion of t h e  f i l m  mater ia l  t o  the subs t r a t e  material and demonstrates 
that t h i n  f i l m s  can funct ion successfully as lubr icants  f o r  an extended 
period of time. 
When the experiment 
CONCLUSIONS 
The review of the literature, involving s l i d i n g  e l e c t r i c a l  contacts  
i n  a vacuum, shows t h a t  lubr ica t ion  o f  s l i d i n g  e l e c t r i c a l  contacts  i s  
necessary i f  these contacts  are t o  operate w i t h  a low e l e c t r i c a l  noise  
l e v e l  f o r  an extended period of t ime .  
made on the  basis of the experiments reviewed: 
The following conclusions are 
1. Graphite is  not  a good s l id ing  e l e c t r i c a l  contact lubr icant  under 
high vacuum conditions where surface contamination i s  very low and there- 
fo re  cannot be considered usefu l  for t h e  lubr ica t ion  of low noise e lec-  
t r i c a l  contacts which operate i n  vacuum. 
2.  Molybdenum d i su l f ide  is  a good s l i d i n g  e l e c t r i c a l  contact l ub r i -  
cant i n  vacuum and t h e  12$ MoS2 - 88$ s i l v e r  compacts give acceptable 
performance when run against  silver s l i p  r ings.  
t h e  use of MoSZ compacts a re  the  high r e s i s t i v i t y  and semi-conducting 
cha rac t e r i s t i c s  of t h e  MoS2 component. 
"he major objections t o  
3. Niobium a ise len ide  is  another good s l i d i n g  e l e c t r i c a l  contact 
l ub r i can t  i n  vacuum and has the s ign i f i can t  advantage of having a much 
lower bulk r e s i s t i v i t y  than MoSz. 
run aga ins t  coin s i l v e r  s l i p  r ings  display lower e l e c t r i c a l  noise leve ls  
than the  equivalent MoSZ compacts although the  wear is grea te r .  
The 12% NbSe2-8846 s i l v e r  compacts when 
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4. Organic vapor lubr ica t ion  of precious metal s l i d i n g  e l e c t r i c a l  
contacts  i n  a semi-closed system a t  r e l a t i v e l y  low pressure has resu l ted  
i n  very long usefu l  l ives  and low noise leve ls .  
formation of i n su la t ing  deposi ts  of f r i c t i o n  polymer, with t h i s  combina- 
t i o n  of mater ia ls  (organic lubricants  and precious metals), and the  low 
r ad ia t ion  tolerance of these organic mater ia ls  make t h e i r  accep tab i l i t y  
f o r  extended space appl icat ions questionable. 
The p o s s i b i l i t y  of t h e  
5. Die lec t r ic  lubr icant  materials would not  be acceptable a s  an 
e l e c t r i c a l  contact lubr icant  i n  vacuum because of excessive e l e c t r i c a l  
noise due t o  t h e  buildup of an insulat ing f i l m  between the  conducting 
surfaces. 
6. Thin meta l l ic  f i l m s  have been used successfu l ly  a s  r o l l i n g  
element e l e c t r i c a l  contact lubricants  under t h e  extreme conditions 
encountered i n  modern r o t a t i n g  anode X-ray tubes. 
cant f i l m  i s  inherent ly  a good e l e c t r i c a l  conductor and it is  s t a b l e  
i n  vacuum. Furthermore, t he  materials, usua l ly  employed i n  these 
f i l m s  have a r e l a t i v e l y  low vapor pressure a t  high temperatures. 
This type of l ub r i -  
REFERFNCES 
1. Bowden, F. P. ; and Tabor, D. : The F r i c t ion  and Lubrication of Solids.  
Clarendon Press, Oxford, 1950. 
2. Magie, Peter M.:  A Review of the  Propert ies  and Potent ia l s  of t h e  
New Heavy Metal Derivative Solid Lubricants. 
vol .  22, no. 5, July 1966, pp. 262-269. 
Lubrication Eng. , 
23 
3. Moberly, L. E. ;  and Johnson, J. L.: E l e c t r i c a l  S l id ing  Contacts f o r  
Application i n  Space Environments. IEEE Trans. on Aerospace, vol. 
AS-3, Supp., June 1965, pp. 252-257. 
4. Buckley, Donald H.; and Johnson, Robert L. : Frict ion,  Wear, and 
Decomposition Mechanisms f o r  Various Polymer Compositions i n  
Vacuum t o  Millimeter of Mercury. NASA TN D-2073, 1963. 
5. Buckley, Donald H.: F r ic t ion  and Wear Character is t ics  of Polyimide 
and F i l l e d  Polyimide Compositions i n  Vacuum (lo-' mm. Hg) . NASA 
'I" D-3261, 1966. 
6. Atlee, Z. J.; Wilson, J. T. ;  and Filmer, J. C. : Lubrication i n  Vacuum 
by Vaporized Thin Metall ic Films. J. Appl. Phys., vol. 11, no. 9, 
Sept. 1940, pp. 611-615. 
7. Kessler, G. R . ;  and Mahn, G. R. : Factors Affecting Design and Opera- 
t i o n  of Rolling Element Bearings i n  Rotating Anode X-ray Tubes. 
Lubrication Eng., vol. 23, no. 9, Sept. 1967, pp. 372-379. 
8. Murray, S. F. j and L e w i s ,  P. : Effect of E l e c t r i c a l  Currents on B a l l  
Bearing Damage i n  Vacuum and i n  A i r .  Lubrication Eng., vol. 23, 
no. 9, Sept. 1967, pp. 363-371. 
9. Romadanoff, D.; and Glass, S. W. :  High Alt i tude Brush Problem. Trans. 
AIEE, V O ~ .  63, 1944, pp. 825-829. 
10. Elsey, Howard M.:  Treatment of High-Altitude Brushes by Application 
of Metal l ic  Halides. Trans. AIEE, vol. 64, 1945, pp. 576-579. 
11. Nelson, Robert E.: Improved Carbon Brushes f o r  Aircraft E l e c t r i c a l  
Machines, Stackpole Carbon Co. (WADC TR-57-170), Jan. 1960. 
24 
12. Krellner,  W. G . :  A Study of the S l id ing  Contacts of Carbon on 
Various Ring Materials. Presented a t  t h e  E l e c t r i c  Contacts Seminar 
Pennsylvania S t a t e  Univ., June 25-29, 1956. 
13. Savage, Robert H.: Graphite Lubrication, J. Appl. F‘hys., vol.  19, 
no. 1, Jan. 1948, pp. 1-10. 
14. Savage, Robert H.; and Schaefer, D. L. : Vapor Lubrication of Graphite 
S l id ing  Contacts. J. Appl. Phy., vol.  27, no. 2, Feb. 1956, pp. 
136-138. 
15. Buckley, Donald H.; and Johnson, Robert L.: Mechanism of Lubrication 
f o r  Sol id  Carbon Materials i n  Vacuum t o  LO” Millimeter of Mercury. 
Trans. ASLE, vol.  7, no. 1, Jan. 1964, pp. 91-100. 
16. Bisson, Edmond E.; Johnson, R. L.; and Anderson, W. J.: F r i c t ion  and 
Lubrication with Sol id  Lubricants a t  Temperatures t o  1000 F with 
Pa r t i cu la r  Reference t o  Graphite. Proceedings of t h e  Conference 
on Lubrication and Wear. Inst .  Mech. Eng., 1957, pp. 348-354. 
17. VanBrunt, C.;  and Savage, R. H. : Carbon B r u s h  Contact Films Par t  I. 
General E l e c t r i c  Review, vol. 47, no. 7, Ju ly  1944, pp. 16-19. 
18. Scherer, P. M.; and Spry, W. J.: The Effec t  of Carbon St ruc ture  on 
Copper Oxidation a t  a S l id ing  E l e c t r i c a l  Contact. Proceedings of 
t h e  F i f t h  Conference on Carbon, MacMillan Co., 1962, pp. 553-558. 
19. Lancaster, J. K.: The Influence of t h e  Conditions of S l id ing  on t h e  
Wear of Elec t rographi t ic  Brushes. B r i t .  J. Appl. Phys., vol. 13, 
no. 9, Sept. 1962, pp. 468-477. 
20. Marsden, J.; and Savage, R. H . :  Effects  of Si l icone Vapor on Brush 
Wear. Trans. AIEE,  vol.  67, 1948, pp. 1186-1190. 
25 
21. Clauss, Francis J.; and Kingery, Marshall K . :  S l id ing  E l e c t r i c a l  
Contact Materials f o r  Use i n  Ultrahigh Vacuum. Proceedings of t h e  
S ix th  Structures  and Materials Conference, AIAA, Apr. 5-7, 1967, 
pp. 172-184. 
22. Clauss, Francis J.: Lubrication of B a l l  Bearings and S l i p  Rings 
Under High Vacuum. Lubrication i n  Space. Warren A. Salmon and 
Henry Scammell, eds., Baird-Atomic, Inc. ,  and Arthur D. L i t t l e ,  
Inc., 1963, pp. 41-76. 
23. Blackmon, P. H.; Clauss, F. J.; Ledger, G. E.; and Mauri, R. E. : 
Materials Evaluation Under High Vacuum and Other S a t e l l i t e  Environ- 
mental Conditions. Rep. no. 3-77-61-23. Lockheed Ai rc ra f t  Corp., 
Jan. 1962. 
24. Johnson, Robert L.; Swikert, Max A.; Bisson, Edmond E. : Fr ic t ion  
and Wear of Hot-Pressed Bearing Materials Containing Molybdenum 
Disulfide.  NACA TN 2027, 1950. 
25. Clauss, Francis  J . :  Electrical  Transmission Components for a Large 
Aerospace Environmental Chamber. Rep. 2-68-64-1 (AEDC-TR-65-40) ,
DDC No. AD-457 356), Lockheed Missiles and Space Co., Feb. 1965. 
26. Devine, Edward J.: Rolling Element S l i p  Rings for Vacuum Application. 
NASA TN D-2261, 1964. 
27. Peterson, Marshall B.; and Johnson, Robert L.: Fr ic t ion  and Wear 
Inves t iga t ion  of Molybdenum Disulfide. I - Effect  of Moisture. 
NACA TN 3055, 1953. 
26 
8 
28. Killeffer,  David H.; and Linz, Arthur: Molybdenum Compounds, Their 
Chemistry and Technology. Interscience Publishers, 1952, pp. 
54-55, 198. 
29. Goetzel, Claus G.; and Singletary, John B., eds.: Space Materials 
Handbook. Addison-Wesley Publ. Co., 1965. 
30. Hermance, H. W.; and Egan, T. F. : Organic Deposits on Precious 
Metal Contacts. B e l l  System Tech. J., vol. 23, no. 3, May 1958, 
pp. 739-776. 
31. Campbell, W. E.; and Lee, R. E., Jr. : Polymer Formation on Sl id ing  
Metals i n  A i r  Saturated with Organic Vapors. Trans. ASLE, vol. 5, 
no. 1, Apr. 1962, pp. 91-104. 
32. Chaikin, Saul W . :  Mechanics of E l e c t r i c a l  Contact Fa i lure  Caused by 
Surface Contamination. Electro-Technology, vol. 68, no. 2, Aug. 
1961, pp. 70-76. 
33. Salmon, Warren A.; and Scammell, Henry, eds.: Lubrication i n  Space. 
Baird-Atomic, Inc., and Arthur D. L i t t l e ,  Inc., 1963. 
34. Anon. : Program 461 R e l i a b i l i t y  Materials Research and Applications 
Behavior of S l i p  Rings i n  a (Simulated) Space Environment. 
No. LMSC A 31168 A, Lockheed Missiles and Space Co., May 30, 1963. 
(Available from DDC as AD-407 248 L.) 
Rep. 
35. Dushman, Saul: S c i e n t i f i c  Foundations of Vacuum Techniques. Second 
ed., John Wiley & Sons, Inc . ,  1962. 
36. Spalvins, T.; and Buckley, D. H.:  Vapor Deposited Gold Thin Films 
as Lubricants i n  Vacuum mm. Hg) .  J. Vacuum Sci. Tech., 
1965, vol. 3, no. 3, May 1, June 1966, pp. 107-113. 
i 




















Total Contact spring Double Double contact Temperature Volume loss, 
:test pressure contact resistance I mm3 
time, 
hr 
L -  
milliohms Contact 
Anode Cathode 
OC OK O C  OK 
psi ~ / m '  
MoSZ 
m e Z  
1019 4 . 8  3.31 70 2 .3  67 340 40 313 0.074 0.021 
1035 3.6 2.48 37 1 .2  53 326 35 308 0.094 0.035 
27 
37. Spalvins, Tal ivaldis ;  Przybyszewski, John S.; and Buckley, Donald H. :  
Deposition of Thin Films by Ion  P la t ing  on Surfaces Having Various 
Configurations. NASA TN D-3707, 1966. 
38. Mattox, D. M. : Film Deposition Using Accelerated Ions. Rep. No. 
SC-DR-281-63, Sandia Corp., Nov. 1963. 
39. Seeman, James M.: Ion Sputtered Thin Films. Machine Design, vol. 37, 
no. 19, Aug. 19, 1965, p. 200. 
40. Anderson, G. S.; Mayer, Wm. N.; and Wehner, G. K. : Sputter ing of 
Die lec t r ics  by High Frequency Fields.  J. Appl. phys., vol. 33, 
no. 10, Oct. 1962, pp. 2991-2992. 
41. Spalvins, Tal ivaldis ;  and Przybyszewski, John S.: Deposition of 
Sputtered Molybdenum Disulfide Films and F r i c t ion  Charac te r i s t ics  
of Such Films i n  Vacuum. NASA TN D-4269, 1967. 
42. Spalvins, T.; and Buckley, D. H. : Importance i n  Lubrication of 
Various In te r face  Types Formed During Vacuum Deposition of Thin, 
Metal l ic  Films. Paper presented a t  t he  10th Vacuum Metal lurm 















3 E  
$ 3  
w 9 3 :  
0 Weight loss 
-c 
0 3 
MoS2 concentration, percent by weight 
Figure 3. - Effect of MoS2 concentration on  wear and friction 
of hot-pressed bearing materials. Sliding speed, 2 540 cmlsec 
(5OOO ft lmin) load, 519 grams; duration of run, 1 hour; 
material: MoSp silver, and 5 percent copper (ref. 24). 
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Figure 4. - Coefficient of friction of niobium sliding on Ni-10 
percent Cr  alloy wi th gold deposited fi lm in vacuum. Sliding 
speed, 2.54 centimeters per second; load, 2% grams; ambient 
temperature (ref. 42). 
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Figure 1. - Effect of mating materials on coefficient of friction 
and rider wear for  100 percent electrographitized carbon in 
vacuum 
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Figure 2 - Relation between conditions of operation, surface films, and 
electrical contact resistance for graphite stiding on copper (ref. 19). 
